Infection is a complicated balance, with both pathogen and host struggling to tilt the result in their favour. Bacterial infection biology has relied on forward genetics for many of its advances, defining phenotype in terms of replication in model systems. However, many known virulence factors fail to produce robust phenotypes, particularly in the systems most amenable to genetic manipulation, such as cell-culture models. This has particularly been limiting for the study of the bacterial regulatory small RNAs (sRNAs) in infection. We argue that new sequencing-based technologies can work around this problem by providing a 'molecular phenotype', defined in terms of the specific transcriptional dysregulation in the infection system induced by gene deletion. We illustrate this using the example of our recent study of the PinT sRNA using dual RNA-seq, that is, simultaneous RNA sequencing of host and pathogen during infection. We additionally discuss how other high-throughput technologies, in particular genetic interaction mapping using transposon insertion sequencing, may be used to further dissect molecular phenotypes. We propose a strategy for how high-throughput technologies can be integrated in the study of non-coding regulators as well as bacterial virulence factors, enhancing our ability to rapidly generate hypotheses with regards to their function.
Introduction
The development of high-throughput sequencing has both enhanced and complicated our understanding of bacterial pathogens. The maturation of whole-genome sequencing approaches to pathogenomics [1] has illustrated the complexity of pathogen evolution. Rather than being the result of simple acquisition of a small number of virulence factors, evolutionary adaptation to a pathogenic lifestyle appears to entail large-scale remodelling of regulation and metabolism [2] [3] [4] . Simultaneously, transposon insertion sequencing (TIS) [5] [6] [7] and related methods have enabled forward genetic screens in a wide range of model infection systems, routinely identifying hundreds, in some cases thousands, of genes which appear to affect survival in diverse host environments. These findings suggest a narrow reductionist focus on the so-called virulence factors with strong macroscopic phenotypes may miss important aspects of the host-pathogen interaction.
Even in the case of classical virulence factors, molecular characterization is a difficult process. An illustrative example is provided by the Salmonella pathogenicity island 2 (SPI-2) type 3 secretion system (T3SS) and its effectors, among the most intensively studied virulence systems in bacteria. This T3SS was initially discovered as a virulence factor required for survival in mice and macrophage cell lines in the mid-1990s [8 -10] . Today, it is known primarily for its role in allowing Salmonella to establish a niche within host cells through manipulation of the phagosome, and is thought to translocate around 30 effector proteins. Despite two decades of study, only roughly half of these effectors have been characterized [11] , and even in these cases the exact host target or & 2016 The Author(s) Published by the Royal Society. All rights reserved.
biochemical activity of many is unclear [12] . In vitro assays of replication in host cells illustrate the difficulty: only 10 of these effector proteins produce robust replication phenotypes upon deletion [13] , limiting options for traditional genetic dissection of function. Despite a lack of clear in vitro phenotype, many of these effectors are in fact attenuated in whole animal models of disease [14] , though some characterized effectors fail to produce robust replication phenotypes either in vivo or in vitro. Additionally, animal systems have clear limitations if one wants to analyse many different candidate virulence-related genes: beyond basic logistical requirements for housing and upkeep, isolation of infected tissue is difficult and time-consuming, not to mention the ethical concerns involved. Even at their best, animal models only capture aspects of human disease [15, 16] , and for some important pathogens well-developed animal models do not exist.
New methods for high-throughput sequencing of DNA and RNA present an alternative to chasing macroscopic replication phenotypes. Rather than defining phenotype in terms of bacteria surviving an infection challenge, sequencingbased approaches allow us to monitor the effects of genetic manipulation on the molecular outputs of both the bacteria and its host cell. We refer to the sum of the changes induced by manipulation as a 'molecular phenotype'. These changes allow us to observe how a small perturbation, for instance, deletion of a bacterial gene, propagates through the hostpathogen system, changing the course of infection. Such molecular phenotypes may or may not be accompanied by a macroscopic replication phenotype, but arguably provide more information on gene function in either case. We recently proposed and developed one such technique for the definition of molecular phenotypes, dual RNA-seq [17, 18] , which provides a means for simultaneous RNA-seq of both pathogen and host. In this article, we will use our recent study elucidating a molecular phenotype for the Salmonella small RNA (sRNA) PinT in infection of mammalian cells [18] as an illustration of the functional insight that can be gained by this approach.
Bacterial sRNAs are in some ways a microcosm of the difficulty in assigning molecular function to genes involved in pathogenesis. sRNAs are short transcripts (ca 50-300 nucleotides) which, similar to eukaryotic microRNAs (miRNAs), perform regulatory functions through imperfect RNA basepairing interactions with target messenger RNAs (mRNAs) [19, 20] . Virulence phenotypes have been reported and characterized for a number of sRNAs in Gram-positive bacteria, for example, Listeria monocytogenes [21, 22] , Staphylococcus aureus [23] and Streptococcus pneumoniae [24] . Virulence-associated phenotypes of sRNAs have proved more elusive in the Gram-negative bacteria, such as Salmonella enterica serovar Typhimurium (henceforth Salmonella), a pathogen closely related to Escherichia coli in which many sRNAs have been characterized. In Salmonella, sRNA regulatory activity is largely facilitated by the chaperone protein Hfq [25, 26] . While Hfq deletion produces clear virulence phenotypes [27, 28] , similarly clear phenotypes for Salmonella sRNAs have been hard to come by [29] , mirroring the situation with the SPI-2 T3SS and its effectors. Many Salmonella sRNAs are highly upregulated during infection of mammalian cells [18, 30, 31] . Some of these, such as RyhB, involved in maintaining iron homeostasis [32] , or MicA, involved in the regulation of outer membrane proteins in response to envelope stress [33] , are fairly well characterized in terms of their target regulons; however, their function in infection remains unknown. We recently performed a meta-analysis of functional genomics datasets touching on sRNAs in infection [34] , which suggests at least 38 play a role in pathogenesis, though few have been characterized. Among these was the previously uncharacterized sRNA STnc440, which we have since renamed PinT [18] .
In the present article which recapitulates the major aspects of a short lecture at the 'The New Bacteriology' conference of The Royal Society held in London in January 2016, we will use the PinT sRNA as an example to illustrate the potential of two emerging high-throughput sequencingbased approaches, dual RNA-seq and TIS, to unveil hidden molecular phenotypes of bacterial coding and non-coding genes in host-pathogen interactions.
2. Molecular phenotype of the PinT sRNA revealed by dual RNA-seq
PinT is an 80 nucleotide long Hfq-binding sRNA located within a locus horizontally acquired at the root of the Salmonella genus (figure 1). Unlike core sRNAs that often show clear conservation among many different enterobacteria [36] , sRNAs from such horizontally acquired regions are often hard to judge for a lack of related, varied sequences [37] . However, the wealth of genome sequences available for the Salmonella genus reveals a strong conservation of PinT RNA sequence and the associated promoter, arguing that the PinT sRNA must fulfil an important Salmonella-specific function. However, while previous transposon insertion screens in diverse animal models of salmonellosis [14] indicated that disruption of the pinT locus induces a robust attenuation in intestinal colonization models (pig, cattle), we found little if any effect on Salmonella replication within cell-culture models [18] ; in other words, PinT lacked an informative macroscopic phenotype in vitro. Therefore, we sought to understand the function of PinT by looking at the consequences of its activities in both the pathogen and the host cell. To this end, we made use of the dual RNA-seq method (box 1). Initially, a dual RNA-seq time-course analysis with wild-type Salmonella in a HeLa cell model identified PinT as an sRNA rapidly and highly induced after infection. Lowresolution dual RNA-seq screens in 13 additional cell types confirmed PinT induction to be a generic feature of intracellular Salmonella irrespective of the host cell type.
To understand the function of PinT in the bacterial cell, we performed pulse-expression experiments, that is, transient sRNA overexpression from an arabinose-inducible promoter followed by transcriptomic analysis. These were initially done under defined in vitro conditions meant to mimic defined stages of the infection cycle. However, we also succeeded in pulse-expressing directly in intracellular Salmonella, to our knowledge the first experiment of this kind. Together these data revealed putative direct target mRNAs of PinT, validated by point mutagenesis within appropriate green fluorescent protein (GFP) reporter constructs. For this purpose, the sRNA of interest and its putative target fused to the open reading frame of GFP on two separate plasmids are co-expressed in Salmonella [45] . In the presence of the sRNA-containing plasmid, the GFP signal is expected to decrease in case the putative target is rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20160081 repressed by the sRNA, with regulation disrupted or restored by point mutations. In this way, the mRNAs of two important SPI-1 effectors (sopE and sopE2) as well as that of the global transcription factor CRP were confirmed as direct PinT targets [18] .
Additionally, a comparison of dual RNA-seq experiments in HeLa cells infected with either wild-type or pinT-deficient Salmonella demonstrated the global effects of PinT on the bacterial transcriptome during infection. Most prominently, genes from the pathogenicity island promoting intracellular replication, SPI-2, were de-repressed in the absence of the sRNA. This effect did not appear to depend on the cell type infected, as dual RNA-seq of a porcine macrophagelike cell line showed an even more robust dysregulation of SPI-2 genes in a pinT deletion background, and could additionally be replicated in in vitro SPI-2 inducing media. Making use of a transcriptional reporter for SPI-2 activity the effect of PinT inhibition or overexpression on SPI-2 activation was validated. PinT-mediated SPI-2 regulation was lost in a crp deletion background, establishing the CRP transcription factor as a mediator of PinT activity on SPI-2 expression. Various modes of SPI-2 control have been reported (summarized in [46] ), yet these are all based on regulatory proteins, typically regulating SPI-2 expression on the transcriptional level. PinT in turn serves as a means for Salmonella to time SPI-2 activation through a posttranscriptional regulatory arm. The evolution of multiple regulatory circuits acting on different levels to shape SPI-2 activity highlights the importance of a tight control of this virulence programme. Interestingly, while pinT appears to be conserved across the Salmonella genus, SPI-2 is not [47] , suggesting its role in SPI-2 regulation may be a relatively recent adaptation to survival in mammalian cells.
Inspection of the HeLa comparative dual RNA-seq data uncovered host cell expression changes dependent on PinT. Approximately 10% of the detected human mRNAs were differentially expressed between the two infections in at least one of five time points sampled over the course of 24 h. Additionally, the expression of more than 500 long non-coding RNAs and 27 miRNAs were affected. Most importantly, the time-course design of our experiment also enabled an interspecies correlation analysis, relating expression changes in the infecting bacteria to transcriptional responses in the host. We calculated correlations between every bacterial gene whose expression varied across the time course, with every similarly varying host gene. As the expression of a bacterial gene may not immediately influence the expression of host genes, we allowed for a time-lag between the expression of a bacterial gene and its effect on the host transcriptome. By including both the wild-type and pinT deletion experiments, we could additionally discover bacteria -host interactions that depended on pinT status. For example, we found a correlation between PinTmodulated SPI-2 expression levels in intracellular Salmonella and the JAK-STAT signalling pathway in the invaded host. While correlation does not guarantee a causal link between Figure 1 . Overview of the pinT locus. (a) PinT is a Salmonella-specific sRNA and absent e.g. from closely related E. coli. The pinT locus in four Salmonella strains is visualized. (b) Secondary structure prediction of PinT. The plot was generated using the VARNA tool [35] . The Hfq-binding region was obtained from Holmqvist et al. [25] . (c) Sequence alignment of the pinT gene and approximately 30 bp flanking regions in seven Salmonella strains. The pinT sequence and promoter is highly conserved, while a number of indel events have occurred in the flanking sequence. LT2, Salmonella enterica serovar Typhimurium LT2; SL1344, S. enterica serovar Typhimurium SL1344; STY, S. Typhi; SEN, S. Enteritidis; SGA, S. Gallinarum; SAR, S. arizonae; SBG, S. bongori. Red and blue colours in the secondary structure and the sequence alignment indicate perfectly conserved and less-conserved ribonucleobases, respectively. The numbers denote the position relative to the 5 0 end of PinT (þ1 position).
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In summation, PinT directly represses two invasion factors, SopE/E2, immediately upon host cell invasion when these effectors are no longer needed. Shortly thereafter, via the CRP hub, PinT counteracts the induction of SPI-2 effectors, probably to optimize their concentration in the host cell. PinT therefore represents a timer of virulence gene expression of Salmonella during host cell infection. Modulating the temporal dynamics of cellular responses is emerging as an important theme in sRNA regulation, and has previously been identified as key to the role of the Spot42 sRNA in catabolite repression [48] and the Vibrio Qrr sRNAs' role in quorum sensing [49] . Under this model (figure 2), PinT activity contributes to Salmonella avoidance of host surveillance mechanisms through timed titration of translocated effectors. The absence of PinT affects the activity of host processes, such as JAK-STAT signalling, that may interfere with the bacterial manipulation of the host to promote its own proliferation. While additional work will be needed to elucidate the underlying molecular mechanisms, for instance, the nature of the link between Salmonella PinT expression and host JAK-STAT signalling, dual RNAseq was able to identify effects of this sRNA on both bacterial and host cell processes, providing insight into the dysregulation that may underlie its effects on bacterial survival in animal models.
Prospect for dual RNA-seq as a general method for phenotyping sRNAs in infection
The molecular phenotype of PinT, manifested in the differential expression of bacterial virulence genes and of a tenth of all human transcripts from all classes of host RNA, is unlikely to be captured by standard virulence assays. To demonstrate dual RNA-seq's broad applicability, we have performed pilot studies on a number of additional infection-associated Salmonella sRNAs [18] . We chose three pairs of functionally related sRNAs substantially induced during infection of HeLa cells for deletion and dual RNA-seq analysis. These included RyhB and IsrE (a.k.a. RyhB-2), two well-characterized sRNAs previously suggested to play a role in Salmonella virulence [31, 50] . Expression of RyhB and IsrE is FUR-dependent, providing an additional regulatory arm in the adaptation of Salmonella to iron-limiting conditions [51, 52] . Thus, their activation during infection reports on intracellular iron scarcity. Our second pair was OmrA and OmrB, two well-studied sRNAs that have been shown to be involved in bacterial surface stress [53, 54] , but had not been previously implicated in Salmonella virulence. Finally, we selected the poorly characterized Y-RNAs (YrlA/B). Unlike PinT, RyhB/IsrE and OmrA/B, these Y-RNAs do not act via base-pairing to target mRNAs but serve as adaptors in Salmonella's RNA decay machinery [55] . Similar to pinT deletion, none of these additional sRNAs led to a replication defect in cellculture models when deleted. However, unlike with pinT, disruption of any of these sRNAs even failed to give a fitness phenotype in transposon insertion screens in mouse, chicken or cattle models [14] . Despite the absence of a macroscopic phenotype, molecular phenotypes could be readily defined for these additional sRNA mutants. For instance, major changes in the bacterial transcriptome were observed after deletion of the iron-related sRNAs, RyhB and IsrE. In particular, the gene for a putative oxidoreductase (SL1344_3511) was strongly upregulated in intracellular DryhB/DisrE mutants compared with wild-type Salmonella at 16 h post-infection, but not affected in any of the two other double mutants. Based on these results, this oxidoreductase might represent a novel target repressed by one or both these sRNAs. By contrast, many genes for ribosomal subunit proteins were downregulated in all three mutant strains compared with the wild-type, arguing that the three double mutants were metabolically less active than the cognate wild-type strain.
Interestingly, the three sRNA double-mutant strains affected only a few common sets of host pathways compared with infection with wild-type Salmonella. For example, host cyclic AMP signalling and focal adhesion were less active after infection with all three mutants compared with the infection with the wild-type strain. The majority of differentially affected host processes, however, were specific to a single mutant strain. Based on the number of differentially affected host pathways, deletion of ryhB and isrE showed the strongest effects. For example, Ras and MAPK signalling pathways were specifically downregulated upon the infection with DryhB/DisrE compared with the infection with the Box 1. Dual RNA-seq to characterize bacterial virulence factors.
Dual RNA-seq refers to the simultaneous detection of bacterial and host gene expression changes during infection by means of RNA-seq [17] . The concept of joint host -pathogen transcriptomics using microarray technology was introduced [38] as part of the development of a new biological sub-discipline focusing on microbes and their hosts in co-culture systems, termed cellular microbiology [39] . Such analysis required the use of dedicated chips for each organism in parallel [38] . However, measuring bacterial and host gene expression from the same RNA sample via microarray technology raises the risk of cross-hybridization and requires large amounts of starting material. As a result, microarray studies typically focused exclusively on the host's transcriptome [40] or-following enrichment of bacteria-on the pathogen's transcriptome [41] .
By contrast, dual RNA-seq relies on direct reverse-transcription of mixed host-pathogen RNA samples into cDNA, which are sequenced and subsequently separated bioinformatically. As both the sensitivity and discriminatory power of RNA-seq are superior to that of probe-based methods like microarrays [42] , dual RNA-seq is compatible with smaller amounts of starting material and circumvents the need for bacterial enrichment prior to analysis, facilitating sample acquisition and reducing the cost per sampled condition. From a biological perspective, dual RNA-seq provides an integrated snapshot of the transcriptional state of the host -pathogen system. This method lends itself naturally to time-course designs, where the development of an infection from cellular invasion or uptake through to replication and host cell lysis can be observed over time [18, 43, 44] .
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In summary, dual RNA-seq has proved capable of identifying molecular phenotypes for several infection-induced sRNAs in Salmonella. The one-step nature of this technique encourages large-scale studies to characterize novel virulence or host defence factors and identify their impact on the pathogen and host transcriptomes simultaneously.
Dissecting molecular phenotypes with genetic interaction screens
While dual RNA-seq provides valuable information about transcriptional dysregulation within the infection system induced by a manipulation, it does not tell a complete story. Transcriptomics tells us where and when a transcript is differentially expressed, but does this differential expression have an impact on survival? Of most obvious relevance to infection biology, TIS (box 2) enables forward genetic screens in whole animal models. This technique has provided valuable insights into the genes required for infection in a range of model systems, such as Salmonella Typhimurium infection of a variety of animal models [14] , Vibrio cholerae growth in the infant rabbit intestine [61, 62] and Yersinia pseudotuberculosis colonization of mouse organs [63] . TIS can also be used to discover gene sets directly involved in the survival during simple stresses and growth on various nutrient sources, which can then serve as a valuable resource for dissecting complex results from infection models [64] . With respect to molecular phenotypes, perhaps the most important application TIS enables is the high-throughput analysis of genetic interactions. The study of genetic interactions forms a key component of the classical genetics toolkit, allowing the experimentalist to determine the structure of pathways or regulatory interactions by the effect of combinatorial mutations on phenotype. At a basic level, this can be understood by the intuition that disruption of genes involved in a sequential pathway should produce a similar phenotype no matter how many are deleted, as any single disruption eliminates pathway function. Conversely, disruption of multiple genes in unrelated pathways, or different branches of the same pathway, will have additional effects on phenotype beyond those induced by a single disruption, as multiple independent functions have been disrupted. An instructive example of this approach is given by a classic study demonstrating the role of the Salmonella SPI-2 secreted SifA protein in maintenance of Salmonella's vacuolar niche in host cells [65] . By measuring competitive indices (C.I.s) in splenic homogenates from mice infected with pairwise combinations of single and double mutants, the virulence phenotypes of the regulator OmpR, the effector SifA and the SPI-2 T3SS were linked to one another, establishing the mutual dependence of all three in infection.
Harnessing TIS to double-mutant libraries allows the scaling of this technique to a whole-genome level. Rather than comparing single and double mutants one at a time, a normal transposon mutant library can be compared directly to a second transposon mutant library generated in a deletion background, effectively a massive collection of double mutants. After exposure to challenge, say, an infection assay, the resulting mutant frequencies can be used to compute quantitative fitness measurements [6, 66] , effectively C.I.s scaled for the length of the challenge, which can then be compared to predict genetic interactions. These interactions can reveal previously obscure consequences of a query gene for fitness, for example, by identifying redundancies or genes linked within sequential pathways. This approach has been applied to dissecting the effects of transcriptional regulators in Streptococcus pneumoniae [64, 67] , and unmasking redundancy in ribosome release factors in Caulobacter crescentus [68] . A similar approach using arraybased detection of transposon insertions was applied to identify genes interacting with the uncharacterized Mycobacterium tuberculosis mce virulence locus during infection of a mouse model [69] , providing proof of concept for the approach in infection biology. Analysis of genetic interactions should prove particularly effective in elucidating the roles of sRNAs in infection, as these regulators may interact with multiple distinct pathways during the transmission of signals. Genetic interaction screening can serve as a first step in ablation analysis of a regulon [70] , identifying regulated pathways which most directly impact survival in an infection model. From this perspective, the analysis of post-transcriptional regulators such as sRNAs should prove particularly interesting: as their activity is at the level of the transcript, it necessarily depends on the transcriptional state of the cell. This means that the effects of sRNA-based regulation have the potential to vary widely, as only transcripts that are expressed are accessible for sRNA-mediated regulation, and the presence of high-affinity targets can titrate sRNAs from targets that would otherwise be regulated. Consequently, the sRNA targetome depends on the transcriptional context in which it is expressed. Additionally, many sRNAs appear to perform redundant functions, for example, the RyhB/IsrE and OmrA/B pairs discussed above. These factors may underlie the general lack of reported phenotypes for even many highly conserved sRNAs, in laboratory conditions as well as during infection. Understanding the role of sRNAs in remodelling the transcriptome during infection will be a major test of our ability to creatively integrate the information-rich data provided by high-throughput technologies.
Outlook
Intracellular infection is a tremendously complex process [71] . Bacteria influence host cells both actively, through the secretion of effectors, and passively, through the shedding of antigens such as LPS and flagellin. Reciprocally, host cells attempt to limit infection through nutrient limitation, the production of reactive oxygen and nitrogen species, and programmed cell death. Reacting to these stimuli requires significant remodelling of both partners' transcriptomes. The host -pathogen system is unstable, with each organism attempting to pull the system towards a state favouring its own success. Of the two major high-throughput techniques discussed here, dual RNA-seq provides a means for observing the dynamics of this tug of war as the infection develops, even if the overall course of infection is not significantly altered. Genetic interactions using TIS will provide a window into the effects of these perturbations on the success of the infecting bacteria, providing directions for molecular characterization of virulence factors, including sRNAs.
Of course, such manipulations are not limited to bacteria. RNA interference (RNAi) screens taking advantage of endogenous RNA-based regulatory pathways in eukaryotes have been available for more than a decade, and have enabled functional genomics on a previously impossible scale. However, there have been concerns about both offtarget effects, as well as uneven knock-down efficiency [72, 73] . The emergence of CRISPR-Cas9 technology for eukaryotic genome editing has led to the development of this tool for the purposes of whole-genome forward genetic screens [74, 75] . CRISPR-based technologies are rapidly developing, and variants using catalytically dead Cas9 (dCas9) tethered to factors that either activate or inhibit transcription (the so-called CRISPRa and CRISPRi) have been introduced to facilitate manipulation of the transcriptome and screening [73, 75] . Progress with CRISPR tools in bacterial systems has moved more slowly, but proof-of-concept CRISPRa and CRISPRi has been demonstrated [76] , suggesting genomewide screens could be developed in prokaryotes. These developments open the door to high-throughput applications of 'genetics-squared' [77] , or simultaneous genetic manipulation of pathogen and host. Such an approach has already been developed using RNAi and microarray screening of bacterial transposon mutant libraries [78] to allow detection of inter-organism genetic interactions. Modern tools should help to simplify such approaches, and dual RNA-seq should prove a useful tool for monitoring the effects of these manipulations.
These techniques provide means for manipulating endogenous factors in infection, but exogenous factors may prove equally important in understanding the effects of virulence factors. So far dual RNA-seq studies have been confined Box 2. Studying infection with transposon insertion sequencing.
TIS provides a powerful means of understanding the effects of gene disruption on survival [5, 6] . Mutant libraries can be created through either in vitro or in vivo transposon mutagenesis, depending on the organism under study. Transposon flanking regions of the genome can then be PCR amplified and sequenced using transposon-specific primers; new high-yield protocols have increased the efficiency of this process [56] . By comparing changes in mutant frequency between conditions, differential effects of disruption on survival can be inferred. The ability of TIS to assay a given region of the chromosome depends on mutant density. This can be particularly problematic for short transcripts such as sRNAs: a study of two Salmonella transposon mutant libraries containing 400 000-500 000 unique insertion sites estimated approximately 4% of short transcripts may lack insertions by chance, using the tRNAs as a test case [57] . This percentage will probably increase rapidly with decreasing library complexity. Stochastic loss of mutants as the infecting population passes through bottlenecks may limit the feasible mutant numbers that can be used in an infection systems, and techniques have been recently introduced that can be used to quantify this [58, 59] . In the case of Salmonella Typhimurium, the size of these bottlenecks vary widely depending on the model of infection: while invasive inoculation of mice can support infection with libraries containing thousands of individual mutants without apparent stochastic loss [14, 60] , gastrointestinal models exhibit strong bottleneck effects [58] leading to stochastic loss in infections with more than a few hundred mutants in poultry, porcine and bovine models [14] . This means TIS assays of these models must be done in small pools, limiting the number of mutants that can be reasonably assayed. However, despite these limitations such models can still provide valuable information, even for short transcripts; nearly a third of known Salmonella sRNAs could be assayed in these three models of gastroenteritis despite screening less than 8000 individual mutants in total [14] .
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20160081 to cell-culture models which represent rather artificial systems, typically based on monolayers of a single-cell type and with no competition with the host microbiota. This may explain why-as in the case of the PinT sRNA-the deletion of single virulence factors often results in only mild if any macroscopic phenotype in cell culture, but may have dramatic effects in a whole-organism context. Complex threedimensional organoid models of infection [79] may serve as an intermediate step between current monoculture systems and whole animal models. Such models have already begun to be developed for several major human pathogens, such as Helicobacter pylori [80] and Salmonella Typhimurium [81] , and will serve to put host cells in a more realistic context for dual RNA-seq studies. Developing dual RNA-seq for infected cells isolated from whole animals will require advances in both cell isolation, and library preparation techniques for low input samples. Advances made in the context of single-cell RNA-seq [82, 83] are laying the groundwork for such approaches. The payoff of such techniques should be significant, allowing for the exploration of the effects of heterogeneity [84] or defined microbiota [85] on infection.
The increasing availability of high-throughput technologies presents us with an opportunity to develop screening techniques that will go beyond simply identifying potential virulence factors, to providing rich data sources for the construction of functional hypotheses. One model for such a work-flow is presented in figure 3 . TIS screens in animal models and dual RNA-seq time-course analysis of different cell types relevant to the infection under study could be used to prioritize candidate virulence factors, both by macroscopic replication phenotype and by transcriptional induction pattern. Comparative dual RNA-seq time-course analysis with deletion strains can then be used to identify the specific dysregulation that occurs in the absence of the factor, as we have done for PinT. In parallel, genetic interaction screens could be performed to identify the fitness consequences of this dysregulation. These two experimental designs will naturally complement and feedback into one another, suggesting additional targets for analysis. The end result of this process should be a fairly well-defined molecular phenotype, which can then be subjected to validation through low-throughput methods. Figure 3 . A strategy for integrating high-throughput technologies in the characterization of virulence factors. Dual RNA-seq time-course studies can be used in conjunction with TIS for screening for potential virulence factors. Once candidates have been identified, comparisons of mutant to wild-type infection time-courses can identify specific dysregulation. Integrating this with genetic interaction screens would provide a means for dissecting the implications of dysregulation for bacterial fitness. These screens define a molecular phenotype, which provides a rich source for hypothesis generation.
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As sequencing becomes increasingly affordable, these approaches could increasingly be multiplexed, particularly with the help of liquid handling robotics. Eventually, using these and similar techniques, it should become possible to comprehensively characterize an infection with a standardized toolkit, leaving our creativity in interpreting the resulting data as the major bottleneck in bacterial infection biology.
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